The present study describes the synthesis of highly active and ordered structures of nickel nanocatalysts by a facile, green, and economically viable approach. The study reveals efficient catalytic activity for the degradation of a number of toxic organic dyes, such as eosin-B (EB), rose bengal (RB), eriochrome black-T (ECBT), and methylene blue (MB). The stable ordered nickel nanostructure (Ni NSs) arrays were prepared via a modified hydrazine reduction route with unique and controlled morphologies in a lyotropic liquid crystalline medium using a nonionic surfactant (Triton X-100). Characterization and optimization studies for the fabricated Ni NSs involving their surface binding interactions, size, and morphologies were carried out using UV-Vis spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM).
Introduction
The widespread interest in the synthesis of metal nanomaterials has largely been driven by their potential applications in various fields ranging from sensors and optical switches to catalysis [1] . Similarly, the control over pollution, especially contamination of the aquatic environment due to industrial effluents, has become an increasingly important and complex issue of present day research concern. The existence of industrially important dyes in drinking water may pose a serious threat to human health. Since there are both environmental and health concerns in this particular issue, there is a need to introduce efficient and inexpensive protocols for the treatment of waters and effluents [2] . A variety of methodologies have been developed for investigation of environmental contaminants which exploit the reactivity of target molecules with suitable reagents alone or in the presence of catalysts, ultimately resulting in degradation, removal, or safe disposal of environmental and aquatic pollutants [3, 4] . Some of the water treatment methods include, adsorption method [5, 6] , biological discoloration [7] , and advanced oxidation processes such as the photo-fenton reaction [8] , photocatalytic degradation by UV irradiation [9] , visible light [10] , and microwave discharge lamps [11, 12] are well regarded for the removal or degradation of dyes from wastewaters.
However, each of these technologies exhibits their own limitations. For example, dyes cannot always be completely eliminated by biological methods because most dyes are recalcitrant molecules; the pollutants are not degraded by adsorption but are just transferred from one phase to the other and advanced oxidation processes are limited due to high energy requirements and expensive operating costs [13, 14] . The UV-induced degradation of industrially important azo dyes such as methyl orange (MO) and methyl red (MR) has been carried out by employing different catalysts. The reduction for MO was 38% for nh-ZnO, 89% for 2 International Journal of Metals ZnO Aldrich, and 95% for h-ZnO. Further, the percentage reduction for MR was 54% for nh-ZnO, 93% for ZnO Aldrich, and 100% for h-ZnO; all these were obtained after 120 minutes [15] . Degradation and decolorization of acid black 26 dye have also been studied through a heterogeneous catalytic approach. It was established that, in the presence of TiO 2 particles alone, acid black 26 (dye: 0.071 mM, H 2 O 2 : 0.023 mM) was degraded to a greater extent than TiO 2 coated sackcloth fiber after 60 min. They observed that it took 3 h to effectively decompose all dye molecules in solution using TiO 2 -coated sackcloth fiber [16] . In another report, Ag-HDx-g-PAM nanocomposite was used for the reduction of pollutants like aromatic nitro compounds and phenosafranine (PS + ) dye. It was seen that, after the addition of nanocomposites to the mixture of reducing agent and dye (0.01 M NaBH 4 and 0.05 mM PS + ), the solution changed from light pink to yellowish brown, due to reduction of the dye. They observed complete reduction of the dye in 30 min after addition of 0.0065 wt% of Ag-HDx-g-PAM nanocomposite [17] . The role of MnFe 2 O 4 mesoporous composites in the degradation of methyl orange (MO) dye was investigated. The MO solution was completely degraded by MnFe 2 O 4 mesoporous composites after 420 min, using 20 mg of the catalyst [18] .
In a previous study, it has been reported that the catalytic reduction of dyes was carried out by using gelatin stabilized gold nanoparticles (GNPs), where the entire reduction process was completed in 150 s at room temperature with only 0.12 mg GNPs [19] . In another report, it has been described that nanoscale nickel particles (Ni NPs) are highly efficient catalysts for reduction of congo red (CR, 20 M) dye from aqueous medium, where 100% reduction/degradation of dye was observed in a very short time (50 s) by the addition of only 0.2 mg Ni NPs in the presence of reducing agent (100 mM NaBH4) [20] . Hence, the literature demonstrated that nanostructured Ni catalysts are highly efficient and important alternative to the already available catalysts while being able to be easily recovered for use through several cycles without loss of catalytic efficiency. Further studies have been carried out giving much attention to probing control over the morphology and growth patterning of Ni NSs and the effect of different parameters on catalytic efficiency in terms of reaction kinetics. However, the prime objective of this present study is to explore the synthesis of Ni NSs and their catalytic activity for the degradation of environmentally toxic and hazardous organic dyes.
Experimental

Materials Used during Synthesis of TX-100 Stabilized Ni
NSs. The nickel (II) chloride hexahydrate (97%), hydrazine monohydrate (99%), Triton X-100 (100%, the stabilizing agent), pellets of sodium hydroxide (99%), hydrochloric acid (37%), and sodium borohydride (98%) were all purchased from E. Merck. Due to possible oxidation of reagents, fresh solutions of chosen concentrations were prepared in deionized water for each experiment. All these reagents were analytical grade and were used without additional purification.
Instruments Used during Characterization of TX-100
Stabilized Ni NSs. The optimization studies of various parameters were monitored by recording UV-Vis spectra on a Shimadzu UV-160 digital spectrophotometer (Kyoto, Japan) with a 1 cm quartz cuvette. A Nicolet 5700 FT-IR spectrophotometer was used to record FTIR spectra. A Jeol JSM 6380A SEM was used to image the nanostructures. A Bruker D8 ADVANCE diffractometer was used to record X-ray diffraction patterns from 20 ∘ to 80 ∘ using CuK radiation. and Triton X-100 (0.5 mL, 0.5 M) at room temperature; the solution was then diluted to 10 mL with deionized water. As the reaction proceeded, after a few minutes a light blue color appeared as sufficient quantities of reducing agent were added that gradually became deeper with increase in the quantity of reducing agent.
Catalytic Test of TX-100 Stabilized Ni NSs.
Investigation of the catalytic efficiency of newly synthesized Ni NSs for degradation of a number of organic dyes has been carried out; fresh samples of Ni NSs were prepared and deposited on glass cover slips for each experiment. For efficient adhesion of Ni NSs onto glass surfaces, the deposited catalyst was thermally treated on the cleaned surface of an electric hotplate at 150 ∘ C for 10 min. The supported catalyst of suitable quantity was placed in a quartz cell and then inside a cuvette in opposition to the light beam to monitor in situ the course of reaction by UV-Vis spectroscopy.
A typical catalytic test of Ni NSs for degradation of organic dyes was carried out under normal laboratory conditions. Organic dyes such as eosin-B (EB), rose bengal (RB), eriochrome black-T (ECBT), and methylene blue (MB) were selected as target compounds to check the efficiency of the catalyst. All experiments were performed in an aqueous medium using 20 M concentration of the respective dyes, 0.01 M NaBH 4 (reducing agent), and 0.1 mg quantity of Ni NSs (catalyst). A similar experiment was also performed for a mixture of all four dyes with 20 M concentration of each dye, 0.01 M NaBH 4 (reducing agent), and 0.1 mg quantity of Ni NSs (catalyst). UV-Vis spectra were recorded every 10 s during the course of reaction.
We observed that in the absence of Ni NSs, there was no reduction/degradation of MB and RB dyes and EB and ECBT were degraded only to a small extent, whereas all dyes were completely degraded in a very short time when treated with NaBH 4 in the presence of 0.1 mg Ni NSs; complete degradation of RB dye was observed within 20 s, EB degraded in 30 s, other dyes such as ECBT and MB were degraded within 40 s, and the mixture of all four dyes was degraded in 60 s.
The Ni NSs were reused several times to confirm the retained catalytic efficiency. The experiments were carried out to observe complete reduction/degradation of 20 M concentrations of each dye in very short times (i.e., 20-60 s).
Results and Discussion
Formations of mixed nickel nanostructures (Ni NSs), sheets/ foils, cubes, and spheres with controllable morphologies have been described using a nonionic surfactant (Triton X-100) as a stabilizing agent under normal laboratory conditions in an aqueous solution. For nanosized Ni NSs prepared using hydrazine as the reducing agent, the mechanism for reduction is similar to that of our previous report and further references therein [21] . Consider
Characterization of TX-100 Stabilized Ni NSs
UV-Vis Spectroscopy of TX-100 Stabilized Ni NSs.
The nanometer size regime of newly synthesized nickel structures was spectrophotometrically monitored; these exhibited a characteristic absorption profile in the range 350-400 nm (Figure 1 ), in close agreement to previously reported work [21] . Depending on the nature of sample/solution, Ni particles generated an absorption edge in the UV-Vis spectral range 374-422 nm, corresponding to the surface plasmon resonance (SPR) band of nanosized Ni particles after reduction generated by Ni (II) ions [22, 23] . Optimization studies for reducing agent concentration, surfactant concentration, and pH were carried out to check their effect on the peak shape to further help in the estimation of structure/morphology and size of nanoscale metal particles. The photoevolution of Ni particles suggests that the change in nature and profile of UV-Vis spectra is due to complete reduction of Ni (II) ions in surfactant solutions. The stability of Ni NPs was studied by aging solutions for many days. It was observed that surfactant molecules impart stability to the colloidal dispersions/clusters and also control morphology and size of the crowded nanoparticles/structures [17, 24] .
The appearance of the faint blue color of the sample solution and progression of the spectral profile resulted in a blue shift in max from 391 nm to 366 nm with gradual increase in absorbance by increasing the reducing agent. This was observed by changing the concentration of the reducing agent gradually as 0.2 mL, 0.4 mL, 0.6 mL, 0.8 mL, and 1.0 mL of 0.2 M hydrazine hydrate solution (N 2 H 4 ⋅H 2 O); the corresponding UV-Vis spectra recorded for these samples are presented in Figure 1(a) . The development of the spectral profile of TX-100 stabilized Ni NSs recorded after increase in concentration of surfactant (stabilizing/capping) is absolutely different in the present scenario from that of previous results, as the present study reveals that gradual increases in concentration of stabilizing/capping agent generated a red shift in max from 382 nm to 393 nm, as shown in Figure 1(b) , due to the creation of a larger micelle network formed by surfactant molecules in the adopted wet chemical method.
These UV-Vis spectral results were obtained by stepwise increase in concentration as 0.25 mL, 0.5 mL, 0.75 mL, and 1.0 mL of Triton X-100 (0.5 M) solutions, Figure 1(b) . The formation of larger micelle networks at high concentrations might be due to the presence of attractive intermicellar interactions which lead to enhanced micellar growth and potential agglomeration of micelles to larger spherical particles [25] .
In principle, for practical increases in surfactant concentrations, the red shift in max (from 382 nm to 393 nm) is linear with concentration and can be credited to an increase in micellar size. The study shows that UV-Vis spectra recorded at different pH values of the samples/solutions exhibited distinctive absorption maxima, as shown in Figure 1(c) , that explore the formation of nanoscale nickel structures with different size and shapes.
The selection of samples at different pH was carried out to see the effect of pH on size and shapes of Ni NSs; the lowest observed max value was from pH 9.4. Moreover, due to the formation of highly aggregated nanoparticles (precipitates), there was no well resolved peak resulting from the solution above pH 9.4; hence, it is estimated that the optimal pH was 9.4. It is also understood that the surfactant molecules cover the surface of nanoscale nickel particles giving them stable size and shape, shown schematically in Figure 2 .
Further studies were carried out using FTIR spectroscopy, SEM, and XRD for structural elucidation and rationalization of interaction of surfactant molecules with particles to confirm size and morphologies of the TX-100 stabilized Ni NSs.
Fourier Transform Infrared (FTIR)
Spectroscopy. FTIR spectra were recorded to examine the interaction of TX-100 molecules with the surfaces of Ni NSs, as presented in Figure 3 , which shows that extended complexity and functionality of the nanoscale systems are predictable from efficient linkages employed by the OH group of TX-100 molecules and Ni particles obtained in lyotropic liquid crystalline medium.
This study showed that a very strong absorption band at 2870 cm −1 , in connection with a weak signal at 3480 cm −1 , appeared in the FTIR spectra of absolute TX-100 (standard/pure) due to the presence of free OH groups in the surfactant molecules, whereas TX-100 derived Ni nanostructures with nanosheet and nanosphere morphologies initiated the appearance of a weak but broad signal at 3260 cm −1 at the optimized pH of 9.4. Basic pH resulted in a band at 3260 cm
due to high concentrations of OH moieties in the products. The additional signals in the FTIR spectra of the Ni NSs obtained at pH 7.3 and pH 4.2 (as shown in Figure 3 ) were due to interactions of zwitterionic moieties with particle surfaces at nearly neutral pH while those obtained from acidic pH were expected to be due to strong linkages imparted from amino groups with particle surfaces.
Scanning Electron Microscopy (SEM) of TX-100 Stabilized Ni NSs.
Fabrication of nanoscale materials with ordered and controlled structures has been given intensive attention due to their fascinating properties, because the performance of such materials is mainly dependent on size and morphology [26] . The present study describes the synthesis of Ni NSs with controlled morphologies via a modified hydrazine reduction route using three typical pH values. SEM images show that Ni NSs samples prepared at pH 9.4 consisted of mixed structures of hexagonal nanosheets with smooth surfaces and well-dispersed spherical nanoparticles with rough surfaces but uniform in size. To determine the dynamics of surfactant stabilized nanoparticle size and growth patterning at different pH values in the lyotropic liquid crystalline medium, SEM images were recorded; subsequent data are shown in Figure 4 and Figure containing highly ordered assemblies of 2D nanosheets/foils with smooth surfaces and thicknesses in the range of 24-240 nm, while the mean thickness is 72 nm; these nanosheets are found to be 0.9-7.0 m across, averaging 3.1 m, and the size of spherical nickel nanoparticles ranged from 8 to 300 nm, with the observed average size of 45 nm in pH 9.4.
These Ni NSs were used as heterogeneous catalysts for the reduction/degradation of a number of organic dyes and found to be highly active catalysts, recoverable even after several uses. Such nanostructures may also be employed for the development of innovative devices promising unique properties in the fields of microelectronics and sensors.
X-Ray Diffraction (XRD) Study of TX-100 Stabilized Ni
NSs. The phase compositions of crystal structures of these products were analyzed by X-ray diffraction. Figure 5 shows the XRD pattern of powdered Ni NSs which corresponds to the formation of nanosheets/foils.
For the Ni NSs obtained by the modified hydrazine reduction route and separation by solvent evaporation at normal temperature (noncentrifuged sample), a Ni(OH) 2 layer on the nanoparticle was predictable from the XRD results of sample 1 ( Figure 5 ). The XRD peaks (at 2 values of 22.01 ∘ , 30.72 ∘ , and 33.11 ∘ ) corresponding to the Miller indices (001), (100), and (101), respectively, are consistent with those reported elsewhere and attributed to formation of Ni(OH) 2 [27, 28] . The nanosized nickel showed only two characteristic peaks of pure face centered cubic (fcc) nickel (at 2 values of 44.89 ∘ and 53.44 ∘ ), assigned to Miller indices (111) and (200), as depicted in Figure 4 . Similar results have also been observed previously in the literature [29] .
Further, it can be seen from the XRD results that all diffraction peaks of sample 2, collected by separating the nanosized particles from the aqueous medium by ultrahigh centrifugation (i.e., 22000 rpm), resulted from the formation of purely fcc phase nickel structures, illustrating the existence of only metallic nickel particles [30] . We obtained mixed crystal structures with typical diffraction patterns indicating the formation of fcc phase Ni NPs for Ni-based nanosheets/foils similar to those proposed in the literature [31] and confirmed by surface morphology SEM images.
Application of TX-100 Stabilized Ni NSs
Reduction/Degradation of Dyes.
Further experiments were performed for dye degradation/reduction with NaBH 4 in both the presence and absence of nanoscale nickel catalysts. To investigate the catalytic activity of Ni NSs, the rates of degradation for several organic dyes, such as rose bengal (RB), eosin-b (EB), eriochrome black-t (ECBT), methylene blue (MB), and mixture of all four dyes, were measured using UV-Vis irradiation. The results obtained from these investigations are presented in Figures 6(a)-6 (e) and the corresponding initial results for an un-catalyzed reactions to access the capability of reducing agent along with dyes in a similar sample environment are provided as supporting data, Figures S3(a)-S3(e) .
Dyes were chosen because they produce different color shades in degraded and undegraded forms. The study showed that newly fabricated Ni NSs were excellent catalysts. Progress of the degradation of each dye was followed by the decrease in absorbance at their respective max values in the UV-Vis spectral range; similar studies have been reported previously for the reduction of an organic dye [32] . That study showed reduction of acridine orange in 30 min using Pd nanoparticles via a homogeneous catalytic approach [32] . In contrast, Ni NSs were used as catalysts following a heterogeneous International Journal of Metals catalytic approach which is much more safe, cost effective, and advantageous, allowing their use several times with good efficiency. The present study revealed that RB and EB dyes were not reduced without the use of catalyst, whereas MB and ECBT showed little decrease in absorbance with time. However, in the presence of catalysts, very fast degradation (i.e., 20-60 s) of all used dyes was observed. The efficiency of TX-100 stabilized Ni NSs/NPs for reduction/degradation of the dyes (i.e., RB, EB, MB, and ECBT) was monitored. Figure 7 demonstrates how Ni NPs immobilized on a glass surface (the same catalysts) and used for five cycles still resulted in fast reduction of the dyes (i.e., RB, EB, MB, and ECBT) with high yields; reaction progress was monitored by UV-Vis spectroscopy.
In addition it was also observed that newly fabricated TX-100 stabilized Ni NSs catalyzed dye reduction to nearly 100% in the presence of NaBH 4 in a very short time, that is, 20-60 s; furthermore, the same catalysts could be recovered and reused several times.
Catalyst Efficiency.
The catalyst efficiency for degradation of organic dyes was calculated by employing the equations for measuring extent of degradation, turnover number (TON), and mean turnover frequency (TOF) [33, 34] .
The dye degradation percentage ratio was calculated using the following formula:
(Abs 0 ) is the initial absorbance of dye and (Abs ) is the absorbance of dye on time . The turnover number (TON), describing the ratio of moles of product obtained to the moles of catalyst used, was calculated using the following formula:
moles dye converted mole of catalyst ) × 100.
The cumulative TON for dyes at given times (i.e., for maximum degradation) to estimate the efficiency of catalysts is presented in Table 1 .
The mean turnover frequency (TOF) was also calculated, that is, the rate of change of TON for a reaction in any given recycling sequence (reflecting reaction rate for a fixed catalyst loading), and was determined as the ratio of cumulative TON/time from formula (4); the results obtained are also given in Table 1 .
Consider
From the above illustrations and the calculated values for TON and TOF, it can be seen that Ni NPs possess highly active surfaces to degrade large number of molecules of each dye per unit amount of the catalyst in a very short time. These Ni NPs once immobilized onto the glass surface can be used many times to get good yields. Hence, it is observed that the Ni NSs synthesized by a simple and inexpensive protocol showed good catalytic efficiency for the degradation of both individual and mixed organic dyes and thus applicability for the removal of pollutants from water systems.
Conclusions
The new simple and cost effective method is introduced for synthesis of mixed nanoscale nickel structures containing highly ordered assemblies of 2D nanosheets with absolutely smooth surfaces and sheet thicknesses in the range of 24-240 nm (average thickness is 72 nm); these nanosheets are found to be 0.9-7.0 m across, averaging 3.1 m, and the size of spherical nickel nanoparticles is in the range of 8-300 nm, with the observed average size being 45 nm. The extended International Journal of Metals 9 complexity and functionality of the nanoscale systems are predictable from efficient linkages employed by the OH group of TX-100 molecules and Ni particles in a lyotropic liquid crystalline medium. These NSs were used for the reduction of organic dyes and found to be highly active and efficient catalysts.
